Summary. We 1 examine the cosmology and the astrophysical signals produced by neutralino dark matter in the frame of an effective MSSM model without gauginomass unification at a grand unification scale. As a consequence of the recent data on precision cosmology, we can set an absolute lower bound of 6 GeV on the neutralino mass. This limit changes to 25 GeV if the pseudoscalar higgs is heavier than 180 GeV. The light neutralinos allowed in this class of supersymmetric models provide quite sizeable direct detection rates. We show how they compare to the direct detection esperimental sensitivites: the predicted rates are largely compatible with the annual-modulation data of the DAMA Collaboration; the comparison with the upper bounds of the CDMS and EDELWEISS Collaborations shows that limits for neutralino masses below 25-30 GeV can be set for a standard isothermal halo. As for the annihilation signals, we find that only low-energy antiprotons and antideuterons are potentially able to set constraints on very low-mass neutralinos, below 20-25 GeV. The gamma-ray signal requires significantly steep profiles or substantial clumpiness in order to reach detectable levels. The up-going muon signal at neutrino telescopes is largely below experimental sensitivities for the neutrino flux coming from the Sun, while for the flux from the Earth an improvement of about one order of magnitude in experimental sensitivities with a low energy threshold can make accessible neutralino masses close to O, Si and M g masses, for which resonant capture is operative.
Supersymmetry and gaugino non-universality
A typical assumption of supersymmetric models is the unification condition for the three gaugino mass parameters M 1,2,3 at the GUT scale: M 1 = M 2 = M 3 . This hypothesis implies that at the electroweak scale M 1 0.5 M 2 . Under this unification condition the bound on the neutralino mass is determined to be m χ > ∼ 50 GeV. This is derived from the experimental lower bound on the chargino mass (which theoretically depends on M 2 but not on M 1 ) determined at LEP2: m χ ± > ∼ 100 GeV. By allowing a deviation from gaugino-universality, the neutralino can be lighter than in the gaugino-universal models when M 1 ≡ R M 2 , with R < 0.5. In this case current data from accelerators do not set an absolute lower bound on m χ .
Fig. 1. Neutralino relic abundance Ωχh
2 as a function of the neutralino mass mχ. left: The solid curve denotes the analtytical lower bound for the relic abundance in the gaugino non-universal MSSM calculated for TQCD = 300 MeV, while the dashed and dot-dashed curves refer to the representative values TQCD = 100 MeV, TQCD = 500 MeV, respectively. The two horizontal lines denote two representative values for the maximal amount of CDM in the Universe: ΩCDMh 2 = 0.3 (shortdashed line) and ΩCDMh 2 = 0.131 (long-dashed line). The scatter plot is obtained by a full scanning of the supersymmetric parameter space. right: The solid curve denotes the analtytical lower bound for the relic abundance in the gaugino nonuniversal MSSM calculated when the pseudoscalar higgs is heavy. TQCD is set equal to 300 MeV. The scatter plot is obtained by a full scanning of the supersymmetric parameter space with mA > 300 GeV.
We consider here an extension of the MSSM which allows for a deviation from gaugino-mass universality by the introduction of the parameter R, varied here in the interval: (0.01 ÷ 0.5) [1, 2, 3, 4] . This range for R implies that the accelerator lower bound on the neutralino mass can be moved down to few GeV for R ∼ 0.01. The ensuing light neutralinos have a dominant bino component; a deviation from a pure bino composition is mainly due to a mixture ofB withH [1, 2, 3] . Notice that our range of R includes also the usual model with gaugino-mass universality.
In the following we will discuss both the cosmology and different kinds of direct and indirect detection rates of the light relic neutralinos arising in this class of supersymmetric models. For a more detailed analysis of all these topics, as well as for a more thorough list of relevant references, see Refs. [1, 2, 3, 4] .
Cosmology of light neutralinos
In the class of models we are considering here, the neutralino relic abundance Ω χ h 2 for very light neutralinos is dominated by two competing annihilation diagrams [1, 2] : annihilation into abb pair, proceeding through the exchange of the pseudoscalar higgs A, and annihilation into aτ τ pair, via stau exchange. The mixture of the dominant bino component with the subdominant, but not negligible higgsino amplitude [1, 2, 3] , provides sizable yukawa-type interactions between neutralinos and higges: when the A boson is relatively light this makes the annihilation cross section intobb the dominant channel. The ensuing relic abundance is a decreasing function of the neutralino mass and it is large for light neutralinos, largely in excess of the cosmological upper bound on the cold dark matter (CDM) content of the Universe [1, 2] . The recent data on the cosmic microwave background [5, 6, 7] and other astrophysical determinations [8, 9] provide stringent limits on the cold dark matter (CDM) content of the Universe: these limits [5] allow us to set an absolute lower bound on the neutralino mass of 6 GeV [2] , as shown in the left panel of Fig. 1 [10] . When the A mass is large, the relic abundance is overall larger and determined by theτ τ pair annihilation: in this case, as shown in the right panel of Fig. 1 , a lower limit of about 25 GeV is obtained [2, 11, 12] .
Searches for relic light neutralinos
Relic neutralinos which act as CDM in the halo of our Galaxy can be searched for by means of different techniques: direct searches rely on the possibility to detect the recoil energy of nuclei in low-background detectors, which neutralinos scatter off; indirect techniques look for self-annihilation products: neutrinos, photons, antimatter.
Direct detection
The relevant quantity in direct detection is the neutralino-nucleon scattering cross section σ
, multiplied by the factor ξ which defines the fractional amount of neutralinos as dark matter components of the galactic halo. As usual, the fraction ξ is defined in terms of the calculated neutralino relic abundance as:
, where (Ω χ h 2 ) min defines the minimal value of the neutralino relic abundance below which we cannot accept that all the galactic DM is made of neutralinos: we have set (Ω χ h 2 ) min = 0.095 [1, 3] .
When neutralinos are light, with a mass close to their lower limit established in the previous Section, also the higgs masses are light [1, 3] : in this case not only the relic abundance, but also the scattering cross section is dominated by higgs exchange (in this case, by the light scalar higgs h). The consequence is that σ (nucleon) scalar is sizeable, with peculiar properties [1, 3] which constrain the values of σ (nucleon) scalar to lie in a very narrow range [1, 3] : the upper bound on σ (nucleon) scalar is set by the experimental lower limit on the higgs mass; the lower limit is a consequence of the upper bound on the neutralino versus mχ. Crosses (red) and dots (blue) denote neutralino configurations with 0.095 ≤ Ωχh 2 ≤ 0.131 and Ωχh 2 < 0.095, respectively. left: The curves delimit the DAMA region where the likelihood-function values are distant more than 4σ from the null (absence of modulation) hypothesis [13] ; this region is the union of the regions obtained by varying the WIMP DF over the set considered in Ref. [14] . right: The solid and the dashed lines are the experimental upper bounds given by the CDMS [15] and the EDELWEISS [16] Collaborations, respectively, under the hypothesis that galactic WIMPs are distributed as a cored isothermal sphere with a standard set of astrophysical parameters.
relic abundance, which is strongly correlated to σ (nucleon) scalar in this class on gaugino non-universal models [1, 3] . We see in the left panel of Fig. 2 that the predicted rates are largely compatible with the annual-modulation data of the DAMA Collaboration [13] , which takes into account a very large set of possible halo shapes [14] . The comparison with the upper bounds of the CDMS [15] and EDELWEISS [16] Collaborations, which are reported only for an isothermal halo with a local DM density of 0.3 GeV cm −3 , shows that in this case limits for neutralino masses below 25-30 GeV can be set: for more general halos, the limits imposed by these experiments may change significantly. For instance, while CDMS would allow to impose a lower limit of about 25 GeV on the neutralino mass in the case of the standard isothermal halo, when the uncertainty on the values of the local density is considered [14] , only a fraction of the supersymmetric configurations at low neutralino masses are excluded and no lower limit on m χ is determined. In any case, direct detection is a very sensitive probe for the light neutralinos of gaugino non-universal supersymmetric models, the most sensitive together with antiprotons and antideuterons searches discussed in the next Section.
Indirect detection at neutrino telescopes
Indirect evidence for WIMPs in our halo may be obtained at neutrino telescopes by measurements of the upgoing muons, which would be generated [17] , MACRO [18] and AMANDA [19] , respectively. right: Signal from the Sun; the solid, dashed, dot-dashed and dotted lines denote the experimental upper limits from SuperKamiokande [17] , MACRO [18] , Baksan [20] and AMANDA [19] , respectively.
by neutrinos produced by pair annihilation of neutralinos captured and accumulated inside the Earth and the Sun [4] . The left panel of Fig. 3 shows the expected upgoing muon flux for muon energies above 1 GeV, compared to present experimental upper bounds. For m χ < ∼ 40 GeV the signal from the Earth presents several peaks due to neutralino resonant capture on Oxygen, Silicon and Magnesium. Apart from the resonances, the predicted flux of light neutralinos is always very small and difficult to be accessed by experimentally. [4] . In the right panel of Fig. 3 we show the up-going muon flux expected from the Sun. Also in this case the signal level turns out to be suppressed for m χ < ∼ 50 GeV [4] as compared to what is obtained at higher masses. We conclude that investigations of light neutralinos by up-going muons from the Sun do not provide favourable prospects.
Gamma rays in space
The flux of gamma-rays produced by neutralino self-annihilation inside the galactic halo is potentially a promising tool of investigation. In fig. 4 we show the signal from the galactic center for two different photon energies in the range of EGRET data and for a NFW [22] density profile with a core radius of 0.01 pc. The angular field of view has been chosen to match the EGRET resolution [21] . We clearly see that the small mass range is the most favourable sector of the supersymmetric model for this kind of signal (as is for all the signals which come from neutralino annihilation in the Galaxy). Fig. 4 . Scatter plot of the gamma-ray flux from the galactic center inside the angular region |∆l| ≤ 5
• , |∆b| ≤ 2 • for a NFW matter density profile. Crosses (red) and dots (blue) denote neutralino configurations with 0.095 ≤ Ωχh 2 ≤ 0.131 and Ωχh 2 < 0.095, respectively. left: Flux calculated at Eγ = 0.12 GeV; the horizontal line shows the gamma-ray flux measured by EGRET [21] , assumed to be compatible with the estimated background [21] . right: Flux calculated at Eγ = 1.5 GeV; the solid horizontal line shows the gamma-ray flux measured by EGRET [21] , the dashed line is an estimate of the gamma-ray background [21] .
Nevertheless, the predicted signal is at least one order of magnitude smaller than the detected flux [4] . In the case of steeper dark matter density profiles, like in the case of the Moore et al. shape [23] , gamma-ray studies could access the signal produced by neutralinos in the mass range below 10-20 GeV [4] . For cored isothermal halos, the predicted fluex are one order of magnitude smaller the the ones shown in Fig. 4 [4] . Fig. 5 shows that the EGRET excess [21] observed in the energy range above 1 GeV could be explained by light neutralinos in the 30-40 GeV mass range with a DM overdensity factor of about 30 with respect to a NFW profile [4] .
Antimatter in space: antiprotons and antideuterons
Annihilation of neutralinos in the galactic halo may lead also to the production of antiprotons and antideuterons [24] (as well as positrons, which are not considered here). Once antiprotons or antideuterons are produces, they undergo diffusion and energy losses inside the galactic halo before reaching the Earth [25] . For these reason, this kind of signals are less sensitive to the actual dark matter density profile, since they do not significantly probe the central parts of the galactic halo, where the various halo shapes mostly differ. However, uncertainties in the modelling of propagation and diffusion instroduce large uncertainties. This has been thoroughly analyzed for the antiproton signal in Ref. [25] . These uncertainties somehow limit the capabilities of the antiproton signal [25] , as it can be seen in Fig. 6 . However, especially for • , |∆b| ≤ 2 • , as functions of the photon energy. left: The dotted line is the spectrum for a neutralino with mass mχ = 30 GeV, calculated for a density profile with a factor 30 of enhancement with respect to the NFW case; the dashed line is the gamma ray background calculated in Ref. [21] , reduced by 10%; the solid line is the total flux, sum of the supersymmetric signal and the background; the experimental points are the EGRET data [21] . right: The same, for mχ = 40 GeV and for a density profile with a factor 32 of enhancement with respect to the NFW case. The numbers quoted in the legend inside parentheses denote the values of the neutralino annihilation branching ratios intobb andτ τ .
neutralinos lighter than 20 GeV, antiprotons represent a potentially relevant probe.
Very promising is the antideuteron signal [24] , shown in Fig. 7 . The full neutralino mass range below 40 GeV could be probed by antideutrons searches in space Fig. 6 . Scatter plot of the antiproton flux at kinetic energy Tp = 0.23 GeV as a function of the neutralino mass. A spherical isothermal dark matter density profile has been used. The solar modulation is calculated at the phase of solar minimum. Crosses (red) and dots (blue) denote neutralino configurations with 0.095 ≤ Ωχh 2 ≤ 0.131 and Ωχh 2 < 0.095, respectively. The shaded region denotes the amount of primary antiprotons which can be accommodated at Tp = 0.23 GeV without entering in conflict with the experimental BESS data [26, 27] and secondary antiproton calculations [28] . left: The best-fit set of the astrophysical parameters which govern cosmic ray propagation is used. right: The astrophysical parameters which provide the most conservative antiproton fluxes are used. Fig. 7 . Scatter plot of the antideuteron flux at kinetic energy Tp = 0.23 GeV/n as a function of the neutralino mass. A spherical isothermal dark matter density profile has been used. The solar modulation is calculated at the phase of solar minimum. Crosses (red) and dots (blue) denote neutralino configurations with 0.095 ≤ Ωχh 2 ≤ 0.131 and Ωχh 2 < 0.095, respectively. The shaded region denotes the estimated sensitivity [24] to low-energy antideuterons for the AMS experiment [29] on borad of the International Space Station. The hatched region shows the estimated sensitivity for the proposed GAPS antideuteron experiment [30] .
